Electric Control of Spin Helicity in a Magnetic Ferroelectric 
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Magnetic ferroelectrics or multiferroics, which are currently extensively explored, may provide a 
good arena to realize a novel magnetoelectric function. Here we demonstrate the genuine electric 
control of the spiral magnetic structure in one of such magnetic ferroelectrics, TbMnOs. A spin- 
polarized neutron scattering experiment clearly shows that the spin helicity, clockwise or counter- 
clockwise, is controlled by the direction of spontaneous polarization and hence by the polarity of 
the small cooling electric field. 



Electric control of magnetic spins or their ordering 
structure has long been a big challenge in condensed mat- 
ter physics. Furthermore, manipulating the magnetiza- 
tion by electric field may provide a low energy-consuming 
way in spin-electronics and a higher data density in infor- 
mation storages [1, 2]. There are a number of magneto- 
electric materials whose magnetization can be changed, 
though minutely, with an external electric field, yet only 
a very few are known whose magnetic structure itself can 
be controlled by an electric field []], 0, 0, 0- The use of 
ferroelectricity is perhaps indispensable to enhance the 
electric field action on the magnetic spins. [2] 

One of the robust mechanisms to produce the fer- 
roelectricicty of magnetic origin has been recently pro- 
posed by Katsura, Nagaosa, and Balatsky (KNB) @. 
The overlap of the electronic wave function between the 
two atomic sites (i and i + 1) with mutually canted 
spins (Si and can generate electric polarization, 

Pi = Aei^+i x (Si x Si+i), where e^+i denotes the 
unit vector connecting the two sites and A is a con- 
stant determined by the spin exchange interaction and 
the spin-orbit interaction. (Note that the similar the- 
oretical results have been obtained independently also 
in refs. [7, 8]). In case the transverse-spiral (cycloidal) 
spin order is realized (Fig. 1(b)), the uniform sponta- 
neous polarization is expected to emerge as the sum of 
the local polarization pi in the direction perpendicular 
to the spiral propagation vector and the vector chirality, 
C = ^2iSi x Si+i (ref. [6]). This spin-driven ferro- 
electricity has recently been found in several transverse- 
spiral magnets such as TbMnOs (ref. |9[), NI3V2O8 (ref. 
[1Q[), MnW04 (ref. [Uj), and also in a transverse cone- 
spiral magnet CoCr204 (ref. [12]). We report here the 
quantitative elucidation of such magnetically induced fer- 
roelectricity in terms of the spin ellipticity as the order 
parameter and show the successful electric control be- 
tween the clockwise (CW) and counter-clockwise (CCW) 
spin helixes. 

A family of perovskite manganites, .RMnOs with R be- 



ing Tb, Dy, and their solid solution, have recently been 
demonstrated to undergo a ferroelectric transition at the 
Curie temperature T q o f 20 — 30 K (see the example 



shown in Fig. 1(c)) [JJ, UJ- Below T N ~ 40 K, the 



compounds undergo a long-range spin ordering with the 
modulation vector Q s = (0, ±g, 1) with q = 1/2 — 1/4 (in 
Pbnm orthorhombic setting) [% ll5[. This has been as- 
cribed to the spin frustration effect caused by the combi- 
nation of GdFeOs-type distortion and staggered orbital 
order (so-called C-type orbital order) [9|, LL6[. The fer- 
roelectricity in this antiferromagnet is derived from the 
transverse-spiral or cycloidal spin ordering [13, EH (Fig. 
1(a) and (b)) in accord with the KNB model [6], being 
distinct from the collinear spin configuration at higher 
temperatures, Tc < T < T/y. In a single crystal of 
TbMnOs (orthorhombic with the space group Pbnm at 
room temperature) investigated here, a sinusoidal incom- 
mensurate antiferromagnetic ordering of the Mn 3+ mo- 
ments takes place at T/v = 42 K with a magnetic wave 
vector q ~ 0.27[1, EH- The ferroelectric polarization 
along the c-axis (P c ) emerges upon the magnetic phase 
transition from the collinear (|| b) to the transverse spiral 
spin structure at Tc = 27 K (Fig. 1(c)). 

The helicity of such a transverse-spiral magnetic 
structure can be ascertained by the polarized-neutron- 
diffraction intensity of magnetic satellite reflection[19, 20, 
21, 22, 23[. The spin helicity is determined by measuring 
intensities of two magnetic satellites with the polarized 
neutron spin S n parallel and anti-parallel to the vector 
chirality C. The first successful control of the spin helic- 
ity as demonstrated by a polarized neutron diffraction 
study was on a spinel crystal of ZnCr2Se4 which was 
cooled through the helical spin transition point in simul- 
taneously applied magnetic and electric fields [23[. This 
material exhibits a proper screw spin structure below 20 
K, which can host no ferroelectric polarization of mag- 
netic origin because of the spin helicity C being parallel 
to the modulation vector Q m . As a result, a magne- 
toelectric cooling procedure with relatively strong field 
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FIG. 1: (Color Online) (a) A schematic transverse-spiral (cy- 
cloidal) magnetic structure of TbMnOs (a x 4b x c/2 in Pbnm 
orthorhombic cell) in the ferroelectric phase below Tc — 27 K. 
(b) A schematic magnetic structure projected onto 6c-plane 
(including the both a — and a — 1/2 planes). The electric 
polarization P emerges along the c-axis, that is the direc- 
tion perpendicular to the spiral propagation vector and the 
spin vector chirality. (c) Temperature dependence of electric 
polarization along the c-axis and the difference of the intensi- 
ties of magnetic satellites (4, +q, 1) when spins of the neutron 
beams is anti-parallel and parallel to scattering vector, ij— if, 
with cooling electric field E > and E < 0. 



magnitudes was necessary for the control of spin helicity. 
By contrast, the spontaneous polarization emerges in the 
present transverse-spiral magnet TbMnOs with C JL Q m 
in which the spin helicity is expected to be controlled only 
with a weak cooling electric-field enabling the production 
of the single-domain ferroelectric state. 

A single crystal of TbMnOs was grown by a floating- 
zone method in a flow of Ar gas. The crystal was cut into 
a thin plate with the widest face of (001) and a thickness 
of 2.5 mm. Aluminum electrodes were deposited onto 
the widest faces. Spin polarized neutron diffraction mea- 
surements were performed with a triple-axis spectrometer 
PONTA at JRR-3, Japan. The sample was mounted on 
a sapphire plate in a closed-cycle helium refrigerator and 
irradiated with a spin-polarized neutron beam. The col- 
limation of the incident and scattered neutron beam was 



40 min. A Heusler monochromator was utilized to obtain 
the spin-polarized neutron beam with a kinetic energy of 
36.0 meV. The spin of the neutron beam could be flipped 
by a spin-flipper, so as to be parallel (when the flipper 
was off) or anti-parallel (on) to the scattering vector Q s 
with a guide-field of about 1 mT applied by a Helmholtz 
coil, as depicted in Fig. 2(b). The spin flipping ratio of 
the incident neutron beam was 11.6(4). All the neutron 
diffraction measurements were performed without appli- 
cation of electric field after cooling the sample from 50 K 
in a poling field (160 kV/m). Peak profiles of magnetic 
satellite reflections (4, 1) and (4, — q, 1) with q ~ 0.27 
were obtained by rotating the sample around the vertical 
axis, which approximately corresponded to the L scan 
in the reciprocal space (see Fig. 2(a)). For the mea- 
surement of electric polarization P, pyroelectric current 
was measured with an electrometer (Keithley 6517A) in 
a warming run without the application of electric field 
after cooling the sample in a poling field (80 kV/m). 

Figure 2(c) shows the L-scan profiles of magnetic satel- 
lites at Q s = (4, ±q, 1) for the ferroelectric state at 9 K 
which were measured after cooling in an electric field of 
E = ±160 kV/m as shown in Fig. 2(b). In the case 
of P c > 0, the intensity of the satellite (4, +g, 1) is ap- 
proximately 9 times as high with neutron spin (S n ) anti- 
parallel (I i ) to the scattering vector Q s as that with par- 
allel S n (If). As for the satellite (4, —q, 1), conversely, 1^ 
is much stronger than i|. These behaviors are typical of 
a spiral magnet with a single helicity, where the spiral 
plane is almost perpendicular to the scattering vector. 
Here, it is to be noted that the spiral plane of TbMnOs 
is perpendicular to the a axis. When the direction of the 
cooling electric field is reversed, the intensity 1^ of satel- 
lite (4, 1) becomes much stronger than 1^ demon- 
strating that the opposite helicity domain becomes dom- 
inant. The reversal of the ratio of I± to 1^ induced by the 
reversal of the poling electric field suggests that the spin 
helicity can be successfully controlled by a poling electric 
field. 

In the following, we consider the interrelation among 
the electric polarization, the spin helicity, and the cross 
section of the elliptical spiral magnetic structure. In the 
transverse-spiral magnetic phase below 27 K, the mag- 
netic moment Mi on the i-th Mn site is described as 

Mi = rrifr cos(27rQ m • Ri) + m c sin(27rQ m • Ri). (1) 

It was reported for TbMnOs that ra^ ~ (0,3.9,0)/i# 
and m c ~ (0, , 2.8)ub at 15 K by a magnetic structure 
analysis 1 171 1 18j. This magnetic modulation produces two 
satellite peaks around each fundamental reflection. The 
cross sections of the respective satellites (4, ±g, 1) are cal- 
culated as 



f d<j\ ± 

( lk ) =I ° { m * + m c T 2m bm c (S n • C)| . 
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FIG. 2: (Color Online) (a) L-scans of magnetic satellites 
(4, ±g, 1) with g ~ 0.27 in the present experiment as shown by 
red arrows in the reciprocal (K, L)-plane. (b) The schematic 
illustration of the apparatus. The spin of the neutron beam 
(S n ) could be flipped by a spin-flipper so as to be parallel 
(when the nipper was off) or anti-parallel (on) to the scat- 
tering vector Q s . (c) Electric polarization dependence of in- 
tensity of magnetic satellites (4, dbg, 1) at 9 K. L-scan profiles 
of magnetic satellites (4, ±g, 1) with P c > and P c < 0. (d) 
The relation between the spin rotatory direction (or helicity) 
and the direction of electric polarization in TbMnOs. 



Here, I Q is the proportional constant determined by the 
magnetic structural factor, m c = |m c |, m& = |m&|, and 
the hat symbols indicate the unit vectors. This cross 
section (2) is derived from the approximation that the 
scattering vector Q s and the neutron spins S n are paral- 
lel or anti-parallel to the vector chirality C. In the case 
of CCW spiral magnetic structure (the a-component of 
vector chirality; C a > ), the intensities of (4, -fg, 1) 
are calculated by using Eq. (2); I± ~ I (m c — ra&) and 
1 1 ~ I (yn>c + m b) for S n being parallel and antiparal- 
lel to Q s , respectively. Provided that m c /m5 ~ 0.7 and 
also taking the spin flipping ratio of the incident neutron 
beam into account, these intensities are in accordance 
with the observed relative satellite intensities at (4, -bg, 1) 
for the electric polarization P c > 0. It is thus confirmed 
that the CCW spiral magnetic structure corresponds to 
the electric polarization P c > and the CW to P c < in 
TbMn0 3 . 

We show in Fig. 3(b) the temperature dependence 
of the Q-integrated polarized-neutron-diffraction inten- 
sity of the magnetic satellite (4, -f g, 1) in the P c > 
state. Note that the experimentally obtained intensities 



(plotted in Fig. 3(b)) were corrected with taking into 
account the imperfect spin polarization (about 92 %) of 
the incident neutron beam prior to the calculation of el- 
lipticity. The magnetic satellite shows up below T/y, but 
there is no difference between 1^ and 1^ because of the 
sinusoidally modulated collinear spin structure. The dif- 
ference between 1^ and 1^ emerges upon the ferroelectric 
phase transition at Tc due to the CCW spiral magnetic 
structure. We show in Fig. 3(a) the ellipticity of the spi- 
ral magnetic structure of TbMnOs, denned as the ratio of 
amplitude of the c-axis spin component to the 6-axis spin 
component in antiferromagnetic modulation, m c /m6, is 
experimentally estimated to the first approximation, 



h + V i 



(3) 



The small angle between the scattering vector and the 
vector chirality of the ellipsoids (10.6 degree) is neglected 
in this estimate. The induced magnetic moments of Tb 
ions were not taken into account because they are re- 
ported to be aligned along the a-axis and insensitive to 
the neutron scattering with Q s approximately parallel to 
the a-axis [17|. The ellipticity remains zero in the para- 
electric phase and develops below the ferroelectric phase 
transition temperature in accordance with the ellipsoidal 
spiral ordering. The average intensity , corresponding to 
the intensity of unpolarized neutron diffraction, almost 
continuously changes even through the ferroelectric phase 
transition, while the ellipticity m c /mb discontinuously 
changes from zero to a finite value. The ellipticity at 15 K 
derived from the present experiments, m c /m6 ~ 0.63(2), 
shows a good agreement with the value (m c /m^_~ 0.72) 
determined by the magnetic structure analysis [17], con- 
sidering the assumption adopted in the calculation. 

The temperature dependence of the polarized neutron 
magnetic scattering intensities provides another clear evi- 
dence that the ferroelectric polarization is inseparably re- 
lated with the cycloidal spin structure. The KNB model 
predicts that the ferroelectric polarization should be pro- 
portional to m^mc, 



P c — ^fAsm(27rqb)mi ) m c 



(4) 



where b is the lattice constant. We compare in Fig. 1(c) 
the temperature dependencies of the observed ferroelec- 
tric polarization and the differential intensity of satellite 
(4, +g, 1), I i — = ±4:I mi ) m c . An excellent agreement 
between the both temperature dependencies clearly con- 
firms that the ferroelectric polarization in the transverse- 
spiral magnetic TbMnOs is proportional to m^m^ and 
hence can be explained with the KNB or related model. 

In summary, we have investigated the spin helicity of 
spiral magnetic structure in the magnetic ferroelectric 
TbMnOs by polarized neutron diffraction measurements. 
The intensities of satellite (4, ±g, 1) with the neutron 
spin parallel (Ij) and antiparallel to the scattering 
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FIG. 3: (Color Online) (a) The temperature dependence of 
ellipticity, denned as m c /mb, as calculated by intensities of 
satellite reflections, (b) The temperature dependence of the 
Q-integrated intensities at Q s — (4, -\-q, 1), ij and ij for the 
neutron spin S n parallel and antiparallel to Q s , and the av- 
erage of these two intensities ((ij + i|)/2 ). These intensities 
are corrected by taking account of the spin flipping ratio of 
the incident neutron beam and the background intensities. 
The solid lines are the guide to the eyes. The inset shows the 
L-scan profiles at selected temperatures. 

vector are observed to clearly differ in the ferroelectric 
phase. The reversal of poling electric field is observed 
to induce the reversal of magnitude relation between the 
intensities if and i|. This suggests that the spin helic- 
ity, clockwise or counter-clockwise, can be controlled by 
the poling electric field alone. The good agreement be- 
tween the temperature dependencies of the electric polar- 
ization and the difference of satellite intensities ensures 



that the ferroelectric polarization in TbMnOs arises from 
the transverse-spiral (cycloidal) spin arrangement. Such 
a mechanism of generating electric polarization as based 
on the non-collinear magnetic ordering suggests further 
possibilities of electrically controllable magnetism. 
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